The deformation modulus of rock is affected by the strain rate. It is an important behavior in predicting the long-term stability of rock mass. In this paper, the conventional compression tests and multi-stage creep tests were conducted and the isostrain-rate curves were plotted based on the test results. Meanwhile, a method for investigating the strain-rate dependent behavior of rock's deformation modulus based on the isostrain-rate curve was proposed. It's demonstrated that the modulus has a logarithmic relationship with strain rate, and an empirical formula was obtained. Furthermore, we found there was a threshold of strain rate, when the strain rate was lower than this threshold, the modulus was sensitive to strain rate.
INTRODUCTION
All rocks may show a mechanical response that is time-dependence. The failure strength of the rocks will tend to decrease over time and the deformation also increases even under constant long-term loading (Cristescu and Hunsche 1997; Lockner and Madden 1991) . Strain rate dependent behavior was an important time-dependent property of rock. The strength and deformation of rock are usually affected by the strain rate. Generally, the rock strength increases with the increase of strain rates (Lajtai and Duncan 1991; Li and Zhao 1999) . However, the relationship between the modulus and strain rate is not clear, and the researchers have different opinions. Li (1999) showed that the Young's modulus was independent on strain rate, and the modulus was not sensitive to the strain rate. Similar results were also reported by Li et al. (2007) and Chong et al. (1987) . Nevertheless, it was found that the Young's modulus increased with the increase of strain rate in Ray et al. (1999) and Blanton's experiments (1981) . It was also suggested by Liang et al. (2011) that there was a logarithmic relationship between the deformation modulus and strain rate. It is necessary to propose a reasonable method to confirm this relationship.
In this study, the strain-rate dependent behavior of deformation modulus was studied in detail, by using a method based on the isostrain-rate curve. Furthermore, an empirical equation which can describe the relationship between the modulus and strain rate was proposed and verified. Fig.1 shows CSS-1950 servo-controlled rheological testing device. The maximum compressive load for the vertical axis was 500 kN. Four linear variable displacement transducers (LVDT) were used to measure the axial and lateral strain. The strain was calculated by averaging two measurements. Generally, the precision of the displacement measurement was 1 µm.
Methods

Test equipment
The triaxial rheological test machine TLW-2000 was used for triaxial compression test and traxial muti-stage creep tests. The maximum vertical axial compression load is 2000kN, and the maximum confining pressure can be applied to 50MPa. The strain in each direction was measured by two displacement transducers and the measuring accuracy of stress and deformation are ±0.5% and ±1%, respectively. 
Samples
The green schist samples were taken from Jinping II hydro power station in Sichuan Province. As shown in Fig.2 , the samples were obtained from the diversion tunnel which is 1600m below the ground. The field stress is approximately 42MPa. The green schist in Jinping II hydropower station was formed in Middle-upper Triassic, and it composed by diopside, epidote, garnet, actinolite, chlorite with some quartz, and calcite with schistose structures.
To get further information of the sample, the uniaxial compression test and triaxial compression tests were conducted. The uniaxial compression tests were performed by increasing the stress on the samples at a constant rate of 0.5 MPa/s. The average values of the uniaxial compressive strength, elastic modulus and Poisson's ratio were 134.3 MPa, 9.39 GPa and 0.25, respectively. The confining pressures in the triaxial compression tests were 5, 10, 15, and 40 MPa with a loading rate of 0.05 MPa/s. The compressive strengths under these confining pressures and strength parameters are listed in Tab.1. The cohesion of the greenschist samples was 31.2 MPa and the friction angle was 42.3º. 
Multi-stage creep test program
As shown in Fig.3 , the multi-stage creep test was carried out stepwise. After applied the confining loading (the uniaxial tests do not need this step), the axial stress was applied at a constant rate of 0.15MPa/s firstly. The loading would be stopped at a predefined axial stress, the first stress level was about 50% of instantaneous strength. Each loading was held constantly for 72 hours, and then the next axial stress level was applied. During the creep tests, the temperature was controlled at 20±1°C and the humidity was maintained at 50±2% using a constant temperature humidistat. The strain in each direction was measured by two displacement transducers and the stress and strain were recorded, automatically.
Results and Discussion
Results of multi-stage creep tests
Take the test of confining pressure 40MPa as an example. As shown in Fig.4 , the failure stress of creep test is 377MPa. The axial strains and lateral strains increase stepwise with time. The strain plots show typical transient and steady creep behaviour but no accelerating creep. When the stress level is above 290 MPa, the axial strain starts to increase more rapidly. The lateral creep strains increase much faster than the axial creep strain when the rock sample is close to failure.
The creep strain rate curve can be obtained by calculating the gradient of the creep curve at every moment. Fig.5 shows the creep strain rate changing with time under different constant stresses one hour after loading. Telling from the graph, the creep strain rate decreased quickly at first, and the creep transited to steady-state after a very short period. With the increasing of axial stress, the strain rate increases obviously. Under higher axial stress conditions, the creep strain is approximately a constant stress, and the strain rate is approximately 0 under lower stress conditions. 
Loading section
Isostrain-rate creep curve
Isostrain-rate creep curve is a stress-strain curve, on which the creep strain rate is identical. It can be plotted by the data of stress, strain and strain-rate obtained from the muti-stage creep tests. As shown in Fig.6 , the data of stress and time in each strain rate can be obtained in strain rate-time curves and then we can get the data of strain that correspond to the time in the strain-time curve. Finally, the isostrain-rate curves can be plotted in stress-strain coordinate system. Fig.7(a) shows the isostrain-rate creep curves with the confining pressure of 40 MPa. All the curves approach to linear relationship when the stresses are below 290MPa. The isostrain-rate curves under uniaxial condition also shows similar characteristics as shown in Fig.7(b) . 
Strain-rate dependent behavior of rock's deformation modulus
The slope of isostrain-rate creep curve in linear section can be defined as the deformation modulus of the samples under different strain rate. That's because the curve is the relationship between stress and strain under different strain rates. As shown in Fig.8 , a threshold can be observed, when the strain rate is lower than this threshold, the deformation modulus changes rapidly with strain rate. Once the strain rate surpass the threshold, the deformation modulus will not be so sensitive to the strain rate. The threshold is the reason that so many researchers hold the different opinions on the effect of the strain rate on modulus. We can also get the further results about the relationship between deformation modulus and strain rate from Fig.8 . They can be fitted and described as follows:
Where: E is the deformation modulus which corresponded to the slope of the isostrain-rate curve;  is the strain rate; a, b and c are parameters which relate to the rock type and environment conditions. In order to verify the formula (1), some test data about the relationship between modulus and strain rate were plotted in Fig.9 . As shown in Fig.9 , the stress threshold existed in different test conditions, even when the rock type and sample size were different. The fitting results were listed in Tab.2 and Tab.3. As shown in Fig.9 and Tab.2, a, b and c are all affected by rock types and parameter a is a parameter that controls the increasing rate of the modulus. As shown in Tab.3, the parameter b was equal even when the sample size was different. We can define a parameter which is not related to the sample size, but related to the rock type. Furthermore, it can be found that the parameter c is affected by the sample size greatly. As shown in Fig.10 , when the value of L/D lower than 2.0, it shows a linear relationship between L/D and parameter c. And when the value of L/D surpass 2.0, parameter c decreased with the increase of sample size, but was affected by sample size slightly. This characteristic of parameter c was similar to the deformation modulus and the value of parameter was very close to the deformation modulus. Therefore, we can defined the parameter c as the standard modulus and ln(100 ) a b   was the variation divisor that related to the strain-rate. 
Conclusions
(1) It was shown that the deformation modulus of rock was affected by the strain rate, while there was a threshold, when the strain rate was lower than it, the deformation modulus was affected by the strain rate greatly, and when the strain rate was higher than it, it would be not so sensitive to the strain rate.
(2) The deformation modulus was all time-dependent and it had a linear relationship with ln  .
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